Characterization of high-intensity focused ultrasound (HIFU) systems using ex vivo tis-
Introduction
In the preclinical testing of high-intensity focused ultrasound ͑HIFU͒ systems, ex vivo characterization is an important step. Ex vivo characterization involves sonication of excised animal organs, with the purpose of determining the temperature rise or volume of necrosed cells ͑lesion volume͒. The characterization tests provide an assessment of the HIFU system performance that is more realistic than the measurements in a liquid environment ͑the medium in which the HIFU systems are first tested͒, but simpler and more controllable than live-animal studies. For example, motion artifacts generated by respiratory motion of the anaesthetized animal during in vivo studies cause inaccuracies in the temperature and lesion size measurements ͓1͔. Ex vivo tests can also be used to study the proposed modifications to HIFU procedures in a controlled manner. In the tests, the lesion volume is measured as one of the HIFU operational parameters is varied.
Three methods available for quantifying lesion volume include histology, computation, and MR imaging. By MR imaging, it means processing of MR lesion images to discern the boundary between necrosed and normal tissues, and the calculation of the lesion volume from the boundary profile. Computation involves the numerical solution of the governing equations of ultrasound beam propagation and heat conduction, in order to determine where the thermal dose ͑defined in Sec. 2͒ exceeds the threshold for necrosing cells. Each of the three techniques for quantifying the lesion volume possesses different advantages and is desirable for use in different situations. For example, computations can be rapid and inexpensive, but can also be limited in usefulness if phenomena such as boiling are not modeled. It is important to know of any limitations to the accuracy of the methods for HIFU parameters of practical interest. In this paper, we perform a controlled study of the techniques of MR imaging, histology, and computations, in order to identify any biases or parameter regimes in which any of the methods may be less reliable.
The three lesion-volume measurement methods are evaluated in the context of a clinically relevant problem for many HIFU pro-cedures, that of determining the lesion size as a function of sonication time. As the sonication time increases, additional acoustic energy is deposited at the ablation site, increasing the volume of the necrosed tissue. It is critical to assess the quantitative relation between the lesion size and sonication time, so that sufficient time can be allowed to achieve the desired level of cell necrosis at a given location. Also, the rate of growth of the lesion dimension as a function of the sonication time is important to know from the standpoint of avoiding undesired cell necrosis. Additionally, the growth in the lesion size produced by lengthening the sonication time should be compared with other methods of lesion enlargement, e.g., increasing the intensity, in order to guide clinicians regarding the optimal strategy for increasing the lesion volume for a given energy expenditure.
Studies involving the quantification of the lesion volume as a function of HIFU parameters include that of Lee and Yoon ͓2͔, wherein theoretical calculations were performed to predict the change in the lesion size as the sonication time was varied from 5 s to 20 s. The increase in lesion dimensions with changing sonication time was determined at a constant acoustic intensity of 400 W / cm 2 . In another study, the lesion size was calculated as a function of the HIFU sonication time, power, and transducer parameters ͓3͔, and the findings were validated by in vivo experiments performed in canine and rabbit thighs. The lesion size after the experiments was measured using a digital caliper and matched well with calculated results. In vivo studies were performed on mice ͓4͔, and the relationship between the death rate of cancer cells and HIFU sonication time as well as acoustic intensity was quantified. More recently, the effects of acoustic intensity and sonication time on the lesion size were studied ͓5͔ by numerical calculations using O'Neill's equation and the Pennes bio-heat transfer equation. In these studies, HIFU ablation experiments were performed using excised bovine liver samples, and the lesion size was determined by dissecting the liver samples across the lesions after the experiments. The numerical and experimental results were compared and found to differ by as much as 20% at higher sonication times. This difference was attributed to cavitation and nonlinear wave propagation. Enholm et al. ͓6͔ found that the numerical predictions of the lesion volume correlated well with the measurements made from MR thermography when feedback from the thermography was employed, though differences exceeded 20% in the absence of feedback. Petrusca et al. ͓7͔ used numerical simulations to select the treatment parameters for in vitro validations of a sector-switching strategy for accelerated HIFU treatments. The primary comparisons made in this paper were between standard HIFU and sector-switching sequences. Kohler et al. ͓8͔ used MRI thermography and histology methods to study HIFU ablation performed along a trajectory. Spoo et al. ͓9͔ tested the feasibility of MR thermography using histology studies.
In a few studies histological examinations have been performed to study the effects of HIFU exposure on tissues. Histological study of the skeletal muscle of a rabbit thermally ablated with HIFU was studied ͓10͔. Histologic changes were observed only within the focal zone and not outside it. Histology studies demonstrated that exposure to HIFU at 2750 W / cm 2 and 4300 W / cm 2 leads to the destruction of elastic fibers of the tunica media of the artery ͓11͔. More recent histological techniques were used for the pathological assessment of HIFU effects in patients with breast cancer ͓12͔.
In the studies just described, lesion-volume quantification techniques were applied, sometimes two at a time, primarily to study novel HIFU procedures. To the authors' knowledge, no previous studies have performed a three-way comparison of MR imaging, histology, and computations over a range of conditions representative of HIFU applications. In the study described in this paper, ex vivo porcine liver samples sonicated with HIFU were used in histological and MR imaging examinations to determine the lesion volumes. Sonication times between 20 s and 40 s are examined, using focal intensities between 800 W / cm 2 and 1700 W / cm 2 . Digital photographs and MR images of lesions were analyzed using visual examination and an image-processing software to demarcate the necrosed regions. From the lesion boundaries, volumes were determined assuming axisymmetric configurations. At the same time, numerical calculations of the sonication experiments were performed.
The computational method employed was that used previously by our group ͓13͔ to study the influence of blood flow through large vessels on HIFU-induced lesion volumes. The model used the linearized Khokhlov-Zabolotskaya-Kuznetsov ͑KZK͒ equation to simulate acoustic propagation, and the absorbed acoustic energy predicted by this algorithm was used as a heat source in the heat-conduction equation. From the transient temperature profile generated from solution of the heat-conduction equation, the thermal dose was calculated using the criteria of Sapareto and Dewey ͓14͔. The lesion volumes were computed from the thermal-dose contours.
The next section describes the sonication experiments, along with the MRI and histological procedures for measuring lesion volume following sonication. The numerical approach for simulating the HIFU propagation and lesion formation is then provided. Section 3 provides the empirical and computational measures of lesion volume for procedures of different durations and target locations. These results are then discussed in Sec. 4. Figure 1 shows the experimental setup used to perform the HIFU sonications. The HIFU transducer chosen for the sonications possesses a diameter of 6 cm and a focal length of 10 cm. The operating frequency of the transducer is 1.1 MHz. The beam width ͑defined by the Ϫ6 dB ͑50% power͒ points of the intensity profile in the focal plane͒ is 1.7 mm. The transducer properties are summarized in Table 1 . The HIFU transducer was targeted at the ex vivo porcine liver sample, which was held in a Plexiglas container filled with degassed water. The material properties of the porcine liver ͓13͔ are shown in Table 2 .
Methodology

Sonication Protocol.
Sonications of liver samples were performed for durations rep- 
MR Imaging.
The MRI machine used for lesion imaging was a three Tesla Biospec 30/60 MRI scanner ͑Bruker Medizintechnik, Karlsruhe, Germany͒. The bore diameter of the scanner was 35 cm. Images of the lesions formed during the sonications were obtained from the MR imaging system. A T1 weighted 3D image ͑TE/ TR= 5 / 15 ms, FOV= 16ϫ 16ϫ 3.2 cm 3 , matrix = 256ϫ 192ϫ 32͒ of the phantom was obtained to ascertain the size of the lesions. Determination of the lesion volume from the MR images is described in Sec. 2.4 below.
Histology.
Following the HIFU treatment of the liver specimen, the tissue samples were immediately removed from the container, and each tissue sample was then sliced at approximately 5 mm in thickness and visually examined. These lesions were generally pale yellow in color, soft, and friable, and generally well demarcated from the surrounding normal hepatic tissue by visual examination. Lesions that were visually identified were then photographed with a Nikon digital camera to document the overall appearance of the lesions. These fresh tissue slices were fixed in 10% neutral buffered formalin at room temperature for approximately 24-48 h. Following the fixation, the lesions were identified and trimmed with a scalpel blade to the appropriate size and submitted in cassettes for standard paraffin embedding processing. The tissue processing involved a stepwise gradient of alcohol solutions up to 100% alcohol followed by two changes in the xylene and finally two changes in the paraffin in the automated Citadel tissue processor. All paraffin blocks containing the grossly identified lesions were then submitted to routine paraffin sectioning and sections at 4 m were obtained and stained with standard hematoxylin and eosin ͑H&E͒ stain and evaluated by standard light microscopy. The necrosed tissue region within the ablated zone, which appeared as a continuous smudge was readily discernable from the outer undamaged tissue region, which showed discrete cells. A boundary was drawn to demarcate the lesion area from the surrounding undamaged tissue region on the basis of a microscopic examination of cells, using destruction criteria such as nucleus disruption and cell membrane disruption.
Lesion-Volume Determinations.
Lesion images obtained from MRI were processed using the NIH IMAGEJ medical imaging software ͓16͔. Using the NIH IMAGEJ software a histogram analysis ͓17͔ was performed on each lesion image to obtain the brightness distribution. A suitable threshold was obtained from the histogram analysis to define the lesion boundary for each lesion. The valley between the two peaks in the bimodal histogram plot of each lesion was chosen to be the threshold ͑a brightness value between 80 and 90͒. This thresholding technique, described by Bovik ͓17͔, was applied to all lesions. For the histology images, the lesion contours were defined based on a histological study of the cells. The damaged cells within the lesion were demarcated from the undamaged cells on the basis of coagulative necrosis.
To obtain the lesion volume from the images, it was assumed that the lesions were axisymmetric, and that the image plane contained the axis of rotation. ͑This assumption is addressed in Sec. 4.͒ Volumes were calculated by identifying a centerline through the image, which we take to be the z-axis. Incremental disk volumes were calculated using the distance r͑z͒ from the z-axis to the image boundary at axial location z; each disk had a volume of r͑z͒ 2 dz, dz being a small increment in the axial coordinate. The sum of all of the disk volumes was taken to be the lesion volume. Axial increments of dz = 0.5 mm were used for the computations. Select calculations based on a dz of 0.25 mm showed little difference in the lesion volume. The volume of some of the lesions were also computed by adding together the pixel volumes. However, there was no significant difference ͑Ͻ3%͒ in these volumes with those obtained by employing our method. 
Computational
Here p is the acoustic pressure, tЈ = t-z / c o is the retarded time, c 0 is the speed of sound in the tissue, r = ͱ x 2 + y 2 is the radial distance from the axis of the beam, D is the sound diffusivity of the tissue related to the absorption ␣ by D 2 / ͑2c o 3 ͒ where is the central angular frequency of the transducer. The time-domain code KZK-TEXAS2 developed by Lee ͓19͔ was used in the calculations to determine the pressure field.
The time-averaged acoustic intensity I͑r , z͒ was calculated from the pressure field using the relation I͑r , z͒ = ͑͗p 2 ͘ / 2 o c o ͒, where 0 is the mean density, c 0 is the speed of sound, p is the peak acoustic pressure, and the brackets denote time averaging. The ultrasonic power deposition per unit volume Q͑r , z͒ was calculated from the intensity field using the relation Q =2␣I, where ␣ is the absorption coefficient of the tissue. After the solution of the KZK equation, Q values were computed and stored in a database for eventual use in the solution of the heat-conduction equation
Here T is the temperature rise during the sonication, 0 is the density of the tissue, c p is the specific heat, and k is the thermal conductivity.
The heat equation was solved using the Galerkin finite-element method, as implemented in the FIDAP ͑Ansys, Inc., Pittsburgh, PA͒ software. An axisymmetric geometry was used in the finiteelement calculations ͑shown in Fig. 2͒ , and a zero flux boundary condition was imposed at the axis. The focal zone was contained within the high-density ͑element size 0.2ϫ 0.2 mm 2 ͒ rectangular region of size 30ϫ 6 mm 2 . On the outer boundaries of the computational domain, a requirement of zero temperature rise was imposed. However, the outer tissue region, measuring 60 ϫ 40 mm 2 , was large enough that significant heat did not diffuse to the edges of the computational domain for the times considered. The initial condition for the simulations was zero temperature rise at time t =0 s.
The transient temperature field emerging from the solution of the heat-conduction equation was used in thermal-dose and lesionvolume calculations. Thermal dose was computed using the method developed by Sapareto and Dewey ͓14͔. They showed that In addition, we found from additional numerical calculations that the threshold value affects the lesion volume only weakly. A threshold of 300 equivalent min yielded a lesion volume only 1.5% less than the volume for 240 min, and a value of 30 equivalent min produced a volume only 4% larger than the value for 240 min. Thus, the bounding surface of the HIFU lesion was taken to be the surface where the thermal dose attained a value of 240 equivalent min at 43°C. The lesion volume is the amount of tissue within the surface. For cells contained within the volume, the thermal dose exceeded 240 min. Also in the studies by Righetti et al. ͓21͔, the value of R was taken to be 0.5 for temperatures above 43°C and 0.25 for temperatures less than 43°C. The bounding surface of the HIFU lesion was taken to be the surface where the thermal dose attained a value of 240 min ͓14͔.
Results
MR images of the HIFU lesions show a narrowing of the lesion with increasing depth into the tissue ͑Fig. 3͒. For the front ͑or first͒ row of lesions ͑intensity 1700 W / cm 2 focal intensity͒, a tadpole shape can be seen in lesions 1 and 2 ͑30 and 40 s sonications͒. This shape is also visible to a lesser extent in lesions 5 and 6 ͑30 s and 40 s sonications͒ of the second row ͑1220 W / cm 2 ͒. For these asymmetric lesions, the boundaries predicted numerically lie inside the boundaries visible on the image. For the more symmetric lesions ͑4, 7, and 8͒, the numerical boundaries match the image boundaries closely.
Histology images of lesions for the 20 s, 30 s, and 40 s sonications in the middle row ͑lesions 4-6͒ are shown in Fig. 4 . The tadpole shape is visible for lesion 5 ͑30 s exposure͒. Lesion 6 ͑40 s exposure͒ is comparatively thicker at the bottom. An expanded image of the tissue morphology near the lesion boundary is pro- Fig. 4͑d͒ . Cells in the unablated tissue can be recognized as discrete entities, while in the ablated region a more continuous smudge is apparent.
Lesion volumes computed via MR images, histology, and numerical calculations are provided in Figs. 5͑a͒-5͑c͒. Histological analysis was unsuccessful in row 3, because the tissue at that location was considerably softer and the lesions were crushed during slicing. Hence for row 3, only MRI and simulation values are presented. For each of the rows, the volumes derived from the three methods agree to within about Ϯ10%. The histological values are the lowest for each of the three sonication times.
Lesion volume plotted as a function of the sonication time ͑Fig. 6͒ shows a dependence of the lesion volume on the sonication time that is nonlinear. This nonlinearity is higher with increasing sonication time as indicated by the increasing slope. In row 2, the lesion size increases from 2 cm 3 to 6.5 cm 3 ͑more than three times͒ as the sonication time doubles from 20 s to 40 s. The dependence of the lesion volume on the sonication time is comparatively greater for the higher-intensity lesions in the first row. The relative error between the numerical and MR values of the lesion volume increases with sonication time, with the maximum error being about 10%.
Discussion
The histological measures of the lesion volume ͑Fig. 5͒ are smaller than their MR and numerical counterparts probably because the tissue slicing in the histology method missed the central cross section, i.e., the plane of the maximum lesion area, during slicing of the liver samples. Visualizing the lesions as rotationally symmetric ͑in the same manner as the HIFU beam͒, the plane of the maximum area is the one containing the axis of rotation. The incremental disks used to compute for the lesion volume ͑Sec. 2.4͒ were thus slightly smaller than disks centered on the axis of rotation. Because the lesion volumes are proportional to the square of the disk radii, missing the slice of the maximum radii can introduce an error, resulting in reduced lesion area. In contrast, the MRI scanner has the advantage of being able to extract the lesion image with maximum cross-sectional area; this may explain the overall better agreement between the MRI and computations relative to histology and computations.
The assumption of rotational symmetry in the histology study leads to some error itself, given the lesion shapes in Figs. 4͑a͒-4͑c͒. MR imaging is subject to the same error, unless pixelvolume summation is used to compute for the volume instead of summing the disk volumes. However, the amount of asymmetry, as measured by the curvature of the centerline, seems relatively small.
The MR measurements of the lesion volume consistently exceeded the computed values in the first row, and were greater than or essentially equal to the simulation values in the second row. This trend could be due to the lack of a nonlinear propagation model in our computational method. The generation of higherfrequency components can lead to greater absorption and a higher level of focal heating ͓22͔. The propagation model is also unable to simulate boiling, which may have occurred in the first row and produced the tadpole-shaped lesion ͓22͔. The simulations showed that temperature increases ͑above ambient͒ could exceed 70°C; the resulting temperatures were likely high enough to initiate boiling in the tissue at the vicinity of the transducer focus. Expressed as a power law, the lesion volume ͑Fig. 6͒ is dependent on the 1.1-1.3 power of the sonication time, with the higher exponents applying at higher intensity levels. Lee et al. ͓2͔ determined computationally that the length and radius of the lesions grew at a sublinear rate with sonication time. However, when the radius is squared and multiplied by length to determine the lesion volume, the rate is very close to linear, i.e., a power-law exponent of 1.0. Damianou and Hynenen ͓3͔ likewise showed sublinear growth with sonication time for both lesion diameter and length, for sonications in the 20-40 s range. Lesion volume computed from the product of times the square of the diameter times the length showed an essentially linear increase with sonication time. However, for lower sonication times, Damianou and Hynenen ͓3͔ showed lesion shapes that are more ellipsoidal than at higher sonication times, where they are more cylindrical ͑more nearly constant radius͒. The actual volume of the ellipsoid ͑e.g., at 20 s͒ is less than the product of times the square of the diameter times the length, and hence, the actual dependence of the lesion volume on sonication time is slightly greater than linear. For high enough sonication times, perfusion becomes important, and the rate of increase in the lesion size with sonication time reduces.
In attempts to maximize the lesion volume, choices available to the clinician include lengthening the sonication time and applying a higher focal intensity. To compare the two approaches for the same energy expenditure, we plot the lesion volume as a function of the beam energy in Fig. 7 . The beam energy was taken to be the product of the focal intensity times the beam area times the sonication time. The beam area at the focus was taken to be d 2 / 4, where d is the beamwidth ͑1.7 mm͒. In Fig. 7 , the three plots of the lesion volume versus the applied energy pertain to the three intensities ͑corresponding to different target depths͒ 817 W / cm 2 , 1220 W / cm 2 , and 1704 W / cm 2 . For comparison with the energies plotted in Fig. 7 , we note that the total acoustic energy delivered by the transducer ͑acoustic power times sonication time͒ ranged between 350 J and 1700 J. The slope of any of the curves represents the change in the lesion volume per change in the energy for variable sonication time at constant intensity, or ͑‫ץ‬V / ‫ץ‬E͒ I . For the middle point ͑30 s sonication͒ on the third row ͑817 W / cm 2 ͒, the slope is approximately 0.0008 cm 3 / J. The change in the lesion volume per unit change in the energy for variable intensity at constant sonication time, or ͑‫ץ‬V / ‫ץ‬E͒ S , can be estimated by drawing a line between points of identical sonication time on the adjacent curves. For example, connecting the middle point ͑30-s sonication͒ on the third-row curve with the middle point ͑30-s sonication͒ on the second-row curve, yields a line with slope less than 0.0002 cm 3 / J. Thus, at a value of around 600-900 J of applied energy, increasing the sonication time is about four times ͑0.0008 cm 3 / J divided by 0.0002 cm 3 / J͒ as effective in increasing lesion volume as increasing intensity. At higher energies, around 1500 J, connecting the highest triangular and diamond-shaped data points ͑representing 40-s sonications͒ to compute for ͑‫ץ‬V / ‫ץ‬E͒ S yields roughly the same slope as the tangent to the first-row ͑1704 W / cm 2 ͒ curve. In other words, at this level of applied energy, the two methods are equally effective at increasing lesion volume.
This variation in the relative effectiveness of the sonication time and intensity at increasing lesion volume might be understood as follows. We first examine the option whereby the total energy is changed by increasing the ultrasound intensity, keeping the sonication time constant. Consider the radial intensity profile of the HIFU beam, which we can picture as a Gaussian function. Suppose that a given level of intensity ͑say I threshold ͒ is required to achieve cell necrosis. At high energies, a large portion of the profile is above I threshold , and a small increase in the energy raises more of the base of the Gaussian function above I threshold . Since the base of the intensity function is broad, the size ͑radius͒ of the generated lesion is large, i.e., the small increase in the energy produces a large change in the lesion volume. However, at low energies, the relevant part of the Gaussian profile above I threshold is the portion near the top ͑close to the axis͒, where the profile is narrow. A relatively small change in the energy moves part of the profile above I threshold , but due to the slimness of the profile, the radial extent of the effective heating area is not much different. The corresponding lesion size changes little with the increase in the energy. Thus, increasing the applied energy by increasing the intensity is much more effective at high energies than at lower values. For the option of increasing the applied energy by increasing the sonication time, the mechanism for lesion growth is the diffusion of heat over a longer time. Since the distance diffused by heat is roughly proportional to the square root of time ͑the diffusion distance being ͑t͒ 1/2 , with being the diffusivity͒, the crosssectional area and the volume of the lesion increase roughly linearly with time. As noted above, a slightly superlinear behavior was observed in Fig. 6 . Compared with increasing the intensity, increasing the sonication time produces a dependence of the lesion volume on the applied energy that is closer to linear, and more effective at lower energies and comparable at higher energies. At still higher energies than those considered in this paper, increasing the intensity would presumably produce a larger increase in the lesion volume than increasing the sonication time, for the same applied energy.
While the histology approach showed a bias toward underestimating the lesion volume, and the computations tended to underpredict at high energies due to the absence of nonlinear propagation and boiling models, the three methods featured in this paper were in close ͑Ͻ10%͒ agreement. Moreover, the three techniques predicted the trend in the lesion volume with increasing sonication time in a similar manner. Since the highest focal intensity examined was around 1700 W / cm 2 , we say that the close agreement between the three methods was verified in the "moderate intensity" ͓13͔ regime. The agreement between the techniques is evidence that histology, MR imaging, and calculations are all useful for ex vivo characterization of HIFU systems. None of the methods showed a significant degradation in this study performed at moderate intensity. Due to the time-consuming nature of histology, and the possibility of lesion damage during slicing, histology appears to be the method of choice primarily when detailed information regarding the lesion boundary and cell viability is desirable. When the intensity is high and MRI is prohibitively expensive, histology is preferable.
Conclusion
In this study performed at moderate HIFU intensities, the methods of histology, MRI, and computation agreed closely ͑within Transactions of the ASME 10%͒ in their determination of lesion volumes generated by sonications of porcine livers for different exposure durations. All three methods appeared qualified for lesion-volume quantification in ex vivo characterization of HIFU systems. All three methods revealed that, at low applied energies ͑Ͻ1000 J͒, increasing the sonication time was much more efficient in generating large lesions than increasing the acoustic intensity, for the same total applied energy. However, at large applied energies ͑ϳ1500 J͒, increasing sonication time and increasing intensity were equally efficient in producing lesion growth.
